The current state of northern hardwood forests of North America is an important issue for 39 its associated value chain, which has traditionally relied on the processing of veneer, lumber and 40 pulp. The proportion of low-vigour trees is relatively high in current wood supplies as a result of 41 past selective harvesting practices (Deluca et al. 2009 ). Until the early 1980s, diameter-limit 42 cutting was the main silvicultural system applied to northern hardwood forests (McGee 1982; 43 Nyland 2005) . Because it aimed to harvest the largest and often most valuable trees, diameter-44 limit cutting contributed to the depletion of the resource, resulting in forests composed of stems 45 with low vigour and usually low quality for lumber (Bédard and Majcen 2001; Kenefic and 46 Nyland 2005; Nyland 1992 ). In subsequent years, efforts were made to improve the state of 47 northern hardwood forests, including the implementation of a new forest management system 48 based on selection cutting and the prioritization of harvest of low-vigour trees (Bohn et al. 2011) . 49
Those changes were crucial for the onset of silvicultural restoration, but their immediate 50 effect on the quality of the wood supply has forced the industry to work with larger volumes of 51 defective stems (Havreljuk et al. 2014) . The low availability of high-quality trees for harvesting 52 has increased the production costs of higher value wood products as, in general, low-quality logs 53 yield less valuable products than high-quality logs (Bennett 2014; Cockwell and Caspersen 2014; 54 Hassegawa et al. 2015; Havreljuk et al. 2014) . Thus, the profitability of the selection cuts 55 generally applied to northern hardwood forests is highly dependent on the quality and vigour of 56 the bulk of harvested trees. When the proportion of low-quality trees is too high, this silvicultural 57 treatment may even become unprofitable (Lussier 2009) . Therefore, the current state of the 58 D r a f t D r a f t 5 diversity of potential uses, yellow birch log conversion focuses mainly on lumber production. 81
This conversion yields great quantities of pulpwood and residues due to the overall low stem 82 quality of the current resource (Hassegawa et al. 2015) . 83
Betulin is not the major chemical compound found in yellow birch. Despite that, it is an 84 important extractive, with confirmed potential for health and pharmaceutical products, and with 85 demonstrated efficiency against herpes virus, as well as having anti-inflammatory properties 86 (Dehelean et al. 2012; Hänsel et al. 1992; Weckesser et al. 2010) . It can be easily converted into 87 betulinic and betulonic acids, which have a multitude of pharmacological properties, including 88
anti-cancer and anti-HIV action (Alakurtti et al. 2006; Gong et al. 2004; Pavlova et al. 2003 ; 89 Serafim et al. 2014; Tolstikov et al. 2005) . Betulin and its derivates have also been used in 90 cosmetics and personal care products for years, and research is being continuously done to assess 91 their pharmacological properties (Krasutsky 2006; Royer et al. 2012) . While there are several 92 substances with similar properties and effects, betulin has the advantage of being a natural 93 product with low toxicity (Jäger et al. 2008; Šiman et al. 2016 ) that can be extracted using 94 residues from commercial species (Krasutsky 2006) . 95
The production of high value-added products could be integrated to the processing of 96 traditional products to increase profitability for the forest industry (Browne et al. 2011; Devappa 97 et al. 2015; Simard et al. 2012) . Previous studies have hinted to the potential of incorporating 98 biorefinery products in the hardwood value chain to stimulate forest restoration (Hassegawa et al. 99 2016; Royer et al. 2012; St-Pierre et al. 2013 ), but none of them investigated the financial 100 feasibility of such options. In this study, betulin was incorporated as a high value-added 101 compound to increase the profitability of a hardwood value chain. This extract was selected for 102 D r a f t 6 its potential as ingredient for several products, for being present in both yellow birch wood and 103 bark, and also for being already commercialized (Alakurtti et al. 2006; Krasutsky 2006) . 104
The overall objective of this study was to estimate to which extent the inclusion of 105 betulin to the forest products portfolio could extend the profitability of a hardwood value chain. 106
Our analysis was performed considering the existence of a betulin extraction unit integrated to a 107 hardwood sawmill. Specifically, we aimed to: 1) assess the profitability of a "state-of-the-art" 108 selection cut applied to various sugar maple-yellow birch stands; 2) estimate the potential 109 financial gain for the integrated complex from the production of betulin from yellow birch wood 110 and bark, and thus its potential to act as a catalyst for forest restoration efforts. 111
MATERIAL AND METHODS 112 STUDY AREA 113
The study area encompassed part of the western sugar maple-yellow birch domain, 114 roughly coinciding with the Upper Laurentians region, province of Quebec, Canada. The climate 115 is continental, with average annual temperature between 2.5°C and 4.0°C and annual total 116 precipitation of less than 1000 mm (Saucier et al. 2009 ). A total of 123 temporary sample plots 117 (TSP) were selected from a database provided by Quebec's Ministry of Forests, Wildlife and 118 Parks (MFFP) (Figure 1 ). To be selected, TSPs had to have at least 24 m 2 ·ha -1 in merchantable 119 basal area, according to criteria established for hardwood forest management (MRNFP 2003) , 120
and at least 50% of that basal area being composed of yellow birch stems. The selected TSPs 121 were located in old uneven-aged stands, with density between 61% and 81% of forest cover, 122 D r a f t 7 average stand canopy height class higher than 17 m and average diameter at breast height (DBH) 123 among merchantable stems (i.e. DBH > 23 cm) of 37 cm. 124
PROFITABILITY OF A SELECTION CUT 125
The forest industry in the study region is based on hardwood lumber production. In our 126 study, this implied that all forest practices would conducted by the hardwood sawmill. Thus, 127 softwood logs would be sold to softwood sawmills and all other hardwood products, namely pulp 128 wood, wood chips and sawmill residues, would be sold as coproducts. 129
The profitability of a selection cut is influenced by several processes (including 130 harvesting, transportation, sawmilling, among others) operating at various scales (e.g. tree, stand, 131 harvest site, etc.). It can be estimated with the use of dedicated software, which has the 132 advantages of automating the processes and, in many cases, allowing simulations at different 133 levels. Disadvantages, on the other hand, can be related to the rigidity of the embedded equations 134 and the difficulty to retrieve methods and input parameters. In this context, we chose to evaluate 135 the profitability of a selection cut for each TSP using the MÉRIS software, version 1.5.2 (MFFP 136 2015, https://bmmb.gouv.qc.ca/analyses-economiques/outils-d-analyse/), which was developed 137 to assist the evaluation of the financial gain of different silvicultural investments. MÉRIS was 138 chosen as a platform for the simulations for being developed by the public forest managers of the 139 province of Quebec, using data compiled both by the Ministry of Forests, Wildlife and Parks and 140 the Wood marketing office of Quebec. Simulations for interventions are based on actual 141 silvicultural practices adopted in the province. Moreover, this software has the merit of being 142 freely available, making this type of study easier to reproduce than when using proprietary 143 software. 144
The software requires as input a tree list with species, DBH, quality class (based on a 145 classification system proposed by Monger et al. (1989) ), the type of sample plot (fixed or 146 variable radius), the stumpage pricing zone where sample plots are located, and a tree code 147 regarding its condition (live standing, live with broken stem, overturned, dead standing, dead 148 broken). Several outputs are generated, among them, the harvested volume by log class, the 149 monetary value by type of product, and the profitability per hectare of harvested forest. 150
The financial analysis section was used to assess the profitability of the hardwood value 151 chain from harvesting to the sale of products and coproducts after processing at the sawmill. Two 152 of the input parameters used to assess the profitability were the type of silvicultural treatment 153 and the targeted forest stand composition. We chose the group selection cut with sustainment of 154 high quality, with shade-tolerant hardwoods and yellow birch as target composition. The 155 harvesting rate was set as being either 26.5% of the target basal area or a residual basal area of 156 18 m 2 ·ha -1 , considering that the software automatically chooses the smallest value between those 157 options. The high residual basal area ensures that shade-intolerant pioneer species will not 158 regenerate abundantly after harvest (Leak et al. 2014) , while the harvesting by groups of trees 159 ensures that sufficiently large canopy gaps are created to promote the regeneration of yellow 160 birch, which has intermediate tolerance to shade (Nyland 2002) . Minimum harvesting diameter 161 at breast height was set as 23 cm for hardwoods and 9 cm for softwoods. 162
Fixed and variable costs for the forest operations, and the product value recovery model, 163 all of which are internal parameters of the software, were set from a hardwood sawmill 164 perspective. This way, there were no lumber manufacturing costs attributed to softwoods, and the 165 product values corresponded to the selling prices of roundwood to softwood sawmills. Road 166 D r a f t 9 construction and administrative costs were added as fixed costs ($US·ha -1 ) ( Table 2) . For 167 harvesting, hauling and bucking costs, MÉRIS uses a 'variable costs' logarithmic function, 168 which takes into account the average harvested volume per stem (all species combined), the 169 silvicultural prescription and the type of forest stand. The relationship between the ensemble of 170 these variable costs and the average harvested volume per stem, derived from the logarithmic 171 functions, is presented in Figure 2 . Apart from the 'variable costs' equation, the software also 172 adds average costs per harvested volume ($US·m -3 ) for road maintenance, loading and 173 unloading, forest fire prevention, disease and pest prevention, and logging camp (Table 3) . 174
Transportation costs varied according to forest management unit, species and volume of the 175 different types of products (Table 4) . Finally, stumpage fees based on product volume were also 176 considered as cost for the sawmill (Table 5 ). All costs were obtained taking into consideration all 177 harvested species, independently of their final use. Product price values based on species and 178 volume by type of product were used to obtain revenues from the harvested stems (Table 6) . 179
From a hardwood stem we considered that two main types of logs could be obtained: 180 sawlogs and pulp logs. Veneer logs were neglected in our analysis because no processing mills 181 are currently operating in our study region. The ensemble of products and coproducts considered 182 in our study was, therefore, composed of lumber, pulpwood, wood chips, sawdust and bark. 183
Volume proportions for hardwood lumber, pulpwood and wood chips were obtained directly 184 from MÉRIS, based on the equations developed by Petro and Calvert (1976) . The proportion of 185 sawdust produced during log sawing varies according to species, saw kerf, machinery, cutting 186 pattern and method (Alderman 1998; Briggs 1994) . Sawdust volume was reported to vary from 9 187 D r a f t to 16% of the total sawlog volume (Alderman 1998; Briggs 1994; Fonseca 2005 ; UNECE/FAO 188 2010), so an average value of 13% was used in our study. 189
Estimates of bark volume can be obtained using multivariate models with various 190 combinations of predictors, such as height, DBH over bark, DBH under bark, height and double 191 bark thickness, among others (Kozak and Yang 1981; Stängle and Dormann 2017; van Laar 192 2007 ). As we aimed at a practical method with predictors available in the forest inventory, we 193 opted for an approach similar to those described by Meyer et al. (1946) and Stayton and 194 Hoffmann (1970) , with DBH as the only independent variable. For this, data from 48 195 merchantable yellow birch trees were collected in four sampling sites near 196 Quebec. After the trees were harvested, diameters were recorded over and under bark at 0. Table 7 . 210 Sawdust and bark from sawmills are frequently sold to other companies to be used as fuel 211 or raw material for other products. Therefore, we considered these coproducts as part of the 212 revenues of the sawmill. Based on values for the province of Quebec, the average prices of 213 delivered sawdust and bark were approximately 50 $US·t -1 and 25 $US·t -1 , respectively (GREB 214 2012; MERN 2015) . 215
Sensitivity analysis 216
The objective of a sensitivity analysis is to identify stochastic parameters that would lead 217 to the greatest reduction in the variance of the response. Variance is a proper measure of 218 sensitivity if the intention is to rank the input parameters in order of importance, even if the 219 model is non-additive and the impact parameters are correlated (Saltelli 2002) . The most 220 commonly used methodologies are "one-at-a-time" sensitivity analysis and scenario-based 221 analysis. One-at-a-time sensitivity analysis is a point-by-point change that consists of varying the 222 value of a parameter to find the extent to which change affects the outcome, while scenario-223 based analysis is a process of analysing potential future events by considering possible 224 alternative outcomes. 225
A one-at-a-time sensitivity analysis was performed to investigate how fixed costs, 226 transportation, stumpage fees, lumber value and coproducts value (pulpwood, wood chips, 227 sawdust and bark combined) impacted the overall profitability of the chosen selection cut. For 228 D r a f t this, a benchmark scenario was considered as the starting point (0% change) and four additional 229 scenarios were created by varying the independent variables at -20%, -10%, +10% and +20% of 230 the base input values. Because MÉRIS uses a stochastic process for selecting trees, ten 231 simulations were run per scenario. For each simulation a new random number was assigned to 232 stems prior to tree selection to ensure that different trees would be harvested in each new 233 simulation. With the mean results obtained from the ten simulations, profitability classes were 234 created, fixing the first category at profit below 500 $US·ha -1 . The upper thresholds for the 235 subsequent categories were set at 999 $US·ha -1 , 1499 $US·ha -1 , 1999 $US·ha -1 , and the last one 236 at above 2000 $US·ha -1 . In this study, 500 $US·ha -1 was considered the minimum acceptable 237 profit, and special attention was given to plots that fell in the first profit class. 238
POTENTIAL FINANCIAL GAIN OF PRODUCING BETULIN 239
The potential financial gain of producing betulin from sawdust and bark was evaluated 240 from the point-of-view of an integrated company, composed of a hardwood sawmill and a 241 betulin extraction company. Four items were analyzed: the betulin supply chain, the current 242 amount of betulin produced and commercialized per year, the betulin production costs and the 243 betulin production yield. 244
BETULIN SUPPLY CHAIN ANALYSIS 245
The current betulin supply chain in North America 1 was evaluated to improve our 246 understanding of the relationships between producers, distributors and consumers. It was 247 conducted as an exploratory market research, since not much information about this sector was 248 D r a f t 13 publicly available. Considering that our main interest was to gather data about the current 249 production and commercialization, we opted for a simplified market research, as summarized in 250 performing a thorough search on the internet using key words. We verified which companies 253 were working with this extract, either as producers, distributors or consumers, and questionnaires 254 were prepared according to the company role in the supply chain. Questions focused on the 255 product volume commercialized per year and, in the case of extracting companies, the costs 256 associated with the production. All companies were first contacted by electronic mail to verify 257 their interest in responding to this research. 258
The profile of each company and their role in the supply chain were assessed, generating 259 a simplified representation of the betulin supply chain, as seen in Figure 4 . Among the 260 companies that agreed to participate, nine were extraction companies, 13 were distributors and 261 three were manufacturing companies. According to their role in the supply chain, questionnaires 262 were sent via electronic mail. A telephone interview was conducted when requested by the 263 company. 264
Our intention for conducting this survey was to collect actual data regarding the quantity 265 of extracts produced and commercialized per year (for the period between 2015 and 2016), and 266 the total extraction costs. The betulin market value was based on average current prices for 267 powder with 95-98% purity, gathered from the survey. 268 D r a f t
QUANTITY OF BETULIN PRODUCED AND COMMERCIALIZED PER YEAR 269
The market size was assessed to help estimate the fraction of the available raw material 270 that could be realistically used for producing betulin from yellow birch. It was based on values 271 gathered from the survey of extracting companies, distributors and product manufacturers. 272
BETULIN PRODUCTION COSTS 273
We assumed that all coproducts and residues produced by the sawmill already had 274 established markets, as this represented the reality for the sawmills operating in the study region. 275
To analyse the financial feasibility of extracting and commercializing betulin, we considered that 276 the integrated company would repurchase part of the residues or coproducts as raw material. This 277 allowed us to take into consideration the opportunity cost of using part of the residues and 278 coproducts instead of selling them to other companies (Dayananda 2002) . 279
The production costs comprised the raw material acquisition price, raw material 280 processing and the betulin extraction costs (Eq. 3). They encompassed fixed and variable costs 281 associated with the raw material preparation and extraction process, including labour, solvents, 282 electricity, and equipment maintenance (Towler and Sinnott 2013) . Average raw material 283 acquisition prices were obtained from assessments for the province of Quebec (GREB 2012; 284 MERN 2015) . The extraction costs were obtained directly from our survey, based on the 285 information provided by two extracting companies operating in North America. 286
where Cost total represents the total production cost, Costs RM involves the costs for purchasing and 288 preparing the raw material for extraction, and Costs ext are the betulin extraction costs. 289
The average extraction yield for betulin, i.e. the amount of extract that can be produced 291 from each tonne of sawmill residue, was obtained from chemical analyses performed on 48 292 yellow birch trees collected near Mont-Laurier, as described by Hassegawa et al. (2016) (Table  293 8). These values were used with the volume estimates of sawdust and bark produced per hectare 294 to obtain the estimated yield of betulin that could be obtained from those coproducts. 295
THE INCLUSION OF BETULIN IN A HARDWOOD VALUE CHAIN 296
For the purpose of our study, we used the definition proposed by Kozak and Maness 297 (2005) of the value chain as a "strategic collaboration of organizations for the purpose of 298 meeting market objectives over the long term and for the mutual benefit of all 'links' of the 299 chain". The evaluation of the contribution that betulin could have on the profitability of the 300 hardwood value chain in the study region was performed exploring the possibility of using 301 yellow birch sawdust and bark from sawmill as raw material. In this new value chain, lumber 302 was kept as the primary product and pulpwood and wood chips were sold as coproducts, as well 303 as part of the sawdust and bark unused for extraction. The solid fraction from the betulin 304 extraction process, i.e. the sawdust free of extractives, could also be used for other purposes or 305 sold to other industries. This, however, was not taken into consideration in this study because of 306 the lack of information regarding the volume and properties of the residues from the extraction 307 process. 308
PROFITABILITY OF A SELECTION CUT 310
According to the simulations, the sample plots produced on average 40% sawlogs and 311 60% pulp logs from hardwood species. When considering the different assortments, 10% of the 312 sawlogs coming from the sample plots were classified as large sawlogs, 37% as medium 313 sawlogs, 44% as small sawlogs and 9% were classified as bolts (following log grades from Petro 314 and Calvert (1976) and Giguère (1998) ). A wide distribution of profitability values was found 315 when the selection cuts were simulated to each temporary sample plot ( Figure 5) . 316
Profit values were obtained considering the difference between revenues (from processed 317 lumber, the selling of pulp logs, wood chips, sawdust and bark), and total costs. Based on the 318 average results from ten simulations performed on different sets of randomly selected trees, 12% 319 of the 123 plots had an average profit of less than 500 $US·ha -1 , 8% of the plots presented an 320 estimated average profit between 500 $US·ha -1 and 999 $US·ha -1 , 34% had average profit 321 between 1,000 $US·ha -1 and 1,999 $US·ha -1 , and 46% presented profit values greater than 322 2,000 $US·ha -1 . A breakdown of revenues obtained from simulated selection cuts, and 323 categorized by product type and profit class is presented in Figure 6 . 324
Plots with more than 500 $US·ha -1 in profit had higher proportions of sawlogs, which in 325 general have higher market value, as well as higher proportion of pulp log volume (Figure 7) . 326
Conversely, the least profitable plots had slightly higher proportions of bolts. 327
The results from the sensitivity analysis performed varying lumber value, fixed costs, 328 transportation costs, stumpage fees and value for all other products combined (including 329 pulpwood, and hereinafter called 'coproducts') is presented in Figure 8 . 330
The coproducts value was the most important input variable affecting profit of the chosen 331 selection cut. The average profit obtained if the coproducts value was increased by 332 approximately 5% would be the same as if transportation costs were reduced by 20%. An 333
increase of approximately 5% in lumber value was equivalent to reducing in 15% transportation 334 costs. Results also showed that a 10% decrease of transportation costs would result in a profit 335 equivalent to reducing fixed costs by nearly 20%. Changes in stumpage fees would only result in 336 a small variation in profit. When analyzing only plots with profit below 500 $US·ha -1 , the profit 337 sensitivity was slightly lower to variations in coproducts value than to variations in lumber value 338 when value was increased in 10% and 20% (Figure 9 ), possibly due to the higher proportion of 339 bolts among yielded products. 340
Considering that coproduct value was one of the most important variables evaluated in 341 the sensitivity analysis, it was important to verify how much profit from an additional product 342 would be needed to increase overall profit. Extra net profit varying from 100 $US·ha -1 to 343 500 $US·ha -1 was then successively added to each plot to observe the impact on the overall profit 344 distribution. In the status quo scenario, i.e. without the inclusion of a new product in the 345 hardwood value chain, 12% of the plots generated less than 500 $US·ha -1 . An additional profit of 346 500 $US·ha -1 was necessary to decrease the proportion to nearly zero. Under such conditions, 347 89% of the plots generated more than 1,000 $US·ha -1 . The threshold value of 500 $US·ha -1 was 348 D r a f t thus considered as a plausible minimum amount of profit that a new product should yield in 349 order to ensure the profitability of the selection cuts from the sawmill's perspective. 350
POTENTIAL FINANCIAL GAIN ASSOCIATED WITH BETULIN 351
The North American extracts industry was somewhat responsive to requests for 352 interviews. Of the 25 companies identified, 40% responded and contributed with quantitative 353 data. While most of the participating companies agreed to share some information, data 354 regarding production costs and capacity were extremely difficult to obtain. Despite that, the 355 participation of two extracting companies enabled us to obtain rough estimates for the extraction 356 costs. Half of the participating companies were able to disclose the quantity of betulin 357 commercialized per year. However, due to commercial agreements, some of the distributors were 358 unable to name their suppliers. This was considered a constraint for this study, as it hindered a 359 more precise assessment of the quantities that were commercialized and even whether the 360 extracts supplied by those distributors were of national or international origin. 361
QUANTITY OF BETULIN PRODUCED AND COMMERCIALIZED PER YEAR 362
According to the extracting companies and distributors, about 1000 kg of betulin are 363 commercialized each year in North America. The current consumer markets for betulin, and its 364 derivates, are mainly research, skin and personal care products, as well as 365 nutraceuticals/supplements manufacturers. However, the consumer market varies according to 366 the purity of the extract. Usually skin and personal care products do not require highly pure 367 extracts, while research uses exclusively 95-99% purity betulin. As discussed further below, 368 D r a f t despite its current limited applications, additional market opportunities may arise once the 369 extract properties are better understood. 370
BETULIN PRODUCTION YIELD 371
Based on the values obtained from the extraction of 48 yellow birch trees (Hassegawa et 372 al. 2016) , the average betulin production yield was 67 g·t -1 for yellow birch wood and 333 g·t -1 373 for yellow birch bark. This means that in order to produce the same unit of betulin, it is necessary 374 to extract five times more wood sawdust than bark. 375
According to the simulations performed in MÉRIS, the average availability of yellow 376 birch sawdust from the trees selected to be harvested was 1.8 t·ha -1 . For yellow birch bark, this 377 average availability amounted to 2.2 t·ha -1 . Combining these numbers with extraction yields 378 from Hassegawa et al. (2016) , an estimated 120 g·ha -1 of betulin could be obtained on average 379 from sawdust. However, for bark this quantity could amount to approximately 730 g·ha -1 . 380
BETULIN PRODUCTION COSTS 381
The estimated raw material acquisition price for the province of Quebec and preparation 382 costs for 1 t of raw material are presented in Table 8 . 383
Considering the difference in betulin production yield between sawdust and bark, the 384 costs of raw material acquisition and preparation to produce 1 kg of betulin extract were 385 approximately 3,350 $US for sawdust and 1,560 $US for bark. According to information from 386 extracting companies, the cost of extracting betulin from bark varies between 100 and 800 387 $US·kg -1 of extract, depending on the targeted extract purity and the product output volume. 388
These values encompassed the capital investment and all costs involved in the betulin extraction 389 D r a f t 20 process. Since the focus was on the production of betulin with 95-98% purity and an output of 1 390 kg of extract per batch, we considered an extraction cost of 800 $US·kg -1 of betulin produced 391 from bark. For sawdust, a different preset was established. Considering that yellow birch bark 392 yields about five times more betulin than wood, extraction of betulin from wood would require 393 five times more solvents, other materials and time than from bark for a same output quantity. 394 Therefore, we assumed that extraction costs for sawdust would be five times higher (4,000 $US) 395 than for bark. Combining the costs of raw material acquisition and preparation with the 396 extraction costs, the production of 1 kg of betulin from yellow birch sawdust would cost nearly 397 7,400 $US, while this value would decrease to approximately 2,400 $US from bark. 398
THE INCLUSION OF BETULIN IN A HARDWOOD VALUE CHAIN 399
In our analysis, the inclusion of betulin in the hardwood value chain had for objective to 400 ensure that a minimum acceptable profit would be generated when applying a selection cut to our 401 sample plots. The average betulin price obtained from the participating companies was 402 153 $US·g -1 (or 153,000 $US·kg -1 ). Therefore, after subtracting the total costs, the extraction of 403 1 kg of betulin from sawdust would generate 145,600 $US in profit, while betulin extract from 404 bark would give 150,600 $US. 405
An average hectare in the study area may potentially add a profit of 17,300 $US if all 406 available yellow birch sawdust could be used to produce betulin at the same price. For bark, the 407 potential profit could reach 110,600 $US per hectare. These calculations demonstrate that the 408 processing of only a fraction of the yellow birch coproducts yielded from a selection cut (0.5% 409 of bark or 3% of sawdust) would be enough to add the 500 $US·ha -1 necessary for all plots to 410 meet the established threshold. 411
Considering a scenario where 100% of either the available sawdust or bark would be used 412 for betulin extraction, but market prices were lower than the current ones, prices could be as low 413 as about 5 $US·g -1 and 1 $US·g -1 for betulin produced from sawdust and bark, respectively, to 414 reach 500 $US·ha -1 in profit and thus make all stands meet our profitability threshold. 415
DISCUSSION 416
The simulated selection cut generated limited profit in several plots when the hardwood 417 value chain only accounted for traditional products. From the 123 TSPs used for the simulations, 418 12% were unable to yield more than 500 $US·ha -1 in profit. This may be due to the high 419 proportion of pulp logs and bolts harvested in these plots. Also, almost one third of the sawlog 420 volume was composed of small logs (the category that yields the lowest lumber volume). 421
According to Petro and Calvert (1976) and Vaughan et al. (1966) , these small sawlogs yield on 422 average less than 24% of lumber grade 1 Common and better (according to classification from 423 NHLA (2011)) for yellow birch, while large sawlogs yield on average over 70% of the same 424 lumber grades. 425
The low proportion of large and medium sawlogs harvested during the selection cut 426 simulation may be a consequence of the low quality of current forest stands (Boivin 2003; Boulet 427 and Pin 2015). Decades of high-grading practices in the northern hardwood forests resulted in 428 stands composed of poor-quality trees with low growth potential (Deluca et al. 2009; Hawley et 429 al. 2006; Nyland 1992) . These trees with large amount of defects and low vigour yield lower 430 quality lumber and are, as a consequence, less valuable (Havreljuk et al. 2014) . Following the 431 development of a tree vigour classification system (Boulet 2007) , the preference for harvesting 432 low-vigour trees was adopted in the province of Quebec as a means to protect the acceptable 433 D r a f t 22 growing stock (Guillemette et al. 2008 ). This may contribute to overall low stand profitability, 434 especially because tree selection in the simulated partial cuts prioritized the harvesting of 435 moribund trees, but with little consideration for their quality. Pothier et al. (2013) recommended 436 prioritizing the harvest of low-vigour stems that had retained their quality for wood processing. 437
Despite not being the most profitable type of intervention in the short term, state-of-the-438 art selection cuts should be designed to improve the overall stand quality over time by removing 439 the unacceptable growing stock and preserving, or even increasing, the proportion of high-value 440 species (Guillemette and Bédard 2006; Ondro and Love 1979; Sendak et al. 2000) . If selection 441 cuts abiding by such principles are currently applied, the quality of future wood supplies should 442 be improved in the medium to long term. This implies that other solutions must be found in the 443 short term to improve the profitability of current selection cuts. Our results suggest that valuing 444 coproducts could be the best option. 445
Stand-level profitability depends on tree and stand characteristics, and the same 446 intervention may be profitable or unprofitable depending on the forest composition (Guillemette 447 and Bédard 2006) . Since the northern hardwood forest structure and composition is highly 448 variable among and within regions, stand profitability should ideally not rely exclusively on the 449 value added by lumber (Luppold and Bumgardner 2004) , especially in depleted forest areas. The 450 fact that 12% of the sample plots were unable to generate profit of more than 500 $US·ha -1 and 451 54% remained below 2000 $US·ha -1 indicates that the valuing of the timber resource could be 452 improved. When lumber value, coproducts value, fixed costs, stumpage and transportation costs 453 were varied in the sensitivity analysis, we observed that sawmill profit was more sensitive to 454 variation in coproducts value than to other variables. Therefore, adding value to the ensemble of 455 D r a f t 23 hardwood coproducts obtained after an intervention would likely contribute more to the value 456 chain profit than reducing costs. 457
The extracts industry is very intertwined and globalized, with extracting companies 458 producing for the domestic and international markets, distributor companies supplying from and 459 to local and overseas companies, as well as to product manufacturers, with the latter spread 460 throughout the globe. Tracing the betulin supply chain was thus challenging, even when focusing 461 only on a specific region. 462
The inclusion of betulin in the value chain demonstrated that high value-added extracts 463 could be included as another source of revenue for sawmills. The processing of only a fraction of 464 the yellow birch coproducts yielded from a selection cut would be enough to add the 465 500 $US·ha -1 necessary for most plots to meet the established threshold. The average market 466 price for this product makes it very attractive, even when considering the high estimated 467 production costs. However, despite the abundance of raw material for the production of betulin, 468 the current market has limitations to absorb more extract than the amount currently 469 is forecast for the same period for over-the-counter pharmaceuticals (MarketLine 2015a), which 474 include creams, ointments and other products containing betulin (Krasutsky 2006 ). This trend is 475 confirmed by the increase in consumer awareness of the ingredients used in products, opting to 476 purchase those that have added benefits for both the consumer and the environment 477 D r a f t (Euromonitor International 2015) . Companies interested in investing in the plant-based extracts 478 industry should consult market forecasts specific for the target chemical compounds, as an 479 increase in demand will certainly shift prices and, eventually, offer as well. 480
Another advantage of extracting betulin is the low volume of raw material needed. Small 481 quantities of sawdust and bark are necessary to produce the amount of betulin required to meet 482 the minimum profit of 500 $US·ha -1 . Since this volume of raw material is insignificant when 483 compared to the amount produced by the wood industry, this small fraction would not affect 484 considerably its availability for other uses. 485
CONCLUSIONS 486
Selection cuts are designed to improve stand quality by prioritizing the harvesting of 487 moribund trees, but in some cases they may not generate sufficient profit to justify the 488 intervention. The profitability of these operations is highly dependent on forest condition and 489 composition, which is quite critical, considering the overall poor state of current northern 490 hardwood stands (Cockwell and Caspersen 2014; Robitaille and Roberge 1981) . According to 491 the simulations run in this work, when considering a pessimistic, though not implausible, 492 scenario with a 10% decrease in either lumber or coproducts value, average profit was lower than 493 500 $US·ha -1 in 14% of the plots. This hints to the fragility of the hardwood industry as a whole 494 during economic downturns, especially when the bulk of the revenues come from only a few 495 products. It is in this setup that the production of high value-added products, such as plant-based 496 extracts, could contribute to the profitability of the value chain without putting at stake the 497 traditional products (Browne 2009; Simard et al. 2012) . Betulin is not the only high value-added 498 product that can be extracted from wood industry residues; many other compounds could be 499 D r a f t 25 obtained concomitantly or during separate extractions. As pointed out by Royer et al. (2012) , 500 once the potential uses of plant-based extracts is better understood, market opportunities will be 501 expanded, allowing the forest industry to take advantage of the production of such extracts. 502
Stands with a high proportion of low-quality trees could then be targeted to the production of 503 these high value-added products, contributing to restoration efforts in depleted forests. 504
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